The introduction of rabbit hemorrhagic disease virus (RHDV) into Australia and New Zealand during the 1990s as a means of controlling feral rabbits is an important case study in viral emergence. Both epidemics are exceptional in that the founder viruses share an origin and the timing of their release is known, providing a unique opportunity to compare the evolution of a single virus in distinct naive populations. We examined the evolution and spread of RHDV in Australia and New Zealand through a genome-wide evolutionary analysis, including data from 28 newly sequenced RHDV field isolates. Following the release of the Australian inoculum strain into New Zealand, no subsequent mixing of the populations occurred, with viruses from both countries forming distinct groups. Strikingly, the rate of evolution in the capsid gene was higher in the Australian viruses than in those from New Zealand, most likely due to the presence of transient deleterious mutations in the former. However, estimates of both substitution rates and population dynamics were strongly sample dependent, such that small changes in sample composition had an important impact on evolutionary parameters. Phylogeographic analysis revealed a clear spatial structure in the Australian RHDV strains, with a major division between those viruses from western and eastern states. Importantly, RHDV sequences from the state where the virus was first released, South Australia, had the greatest diversity and were diffuse throughout both geographic lineages, such that this region was likely a source population for the subsequent spread of the virus across the country.
R
abbit hemorrhagic disease virus (RHDV; Caliciviridae) is a highly virulent RNA virus that causes an acute and largely fatal hemorrhagic disease in European rabbits (Oryctolagus cuniculus). The first recorded case occurred in the spring of 1984 in Jiangsu province, China, purportedly involving a group of Angoran rabbits imported from Germany (1) . The virus then spread to neighboring regions of China, with millions of domestic rabbits dying by the end of the year (2) . By 1989, RHDV outbreaks were reported in domestic rabbit populations in Asia, Europe, and the Americas (3) (4) (5) . RHDV had a major impact on the commercial rabbit industry, with high mortality rates in rabbitries and farms during the initial epidemic wave. Despite efforts to contain outbreaks and eradicate the virus from domestic populations, RHDV soon became endemic throughout much of Europe, including the Iberian Peninsula. There, European rabbits are an important part of the local ecosystem, serving as stable prey for predators, including the endangered Iberian lynx (6) . Hence, the emergence of RHDV was another blow to conservation efforts, as it caused a decline in wild rabbit populations still recovering from the earlier impact of myxomatosis (7) .
No native species of lagomorph exists in either Australia or New Zealand. However, during the 19th century, colonists introduced the European rabbit into both countries as a source of food and sport. The breeding conditions were favorable, and populations thrived with the expansion of pastoral land. Despite some effort to control their spread through fencing, poisoning, and hunting, rabbit populations continued to grow rapidly, with major plagues recorded throughout the 20th century; the total rabbit populations in Australia were estimated to be in the hundreds of millions (8) . Importantly, rabbits are a serious pest in Australia and New Zealand, as they compete for resources with domestic and native species, and their invasion has been associated with the destruction of agricultural land from burrowing and overgrazing (9) . More recent efforts to reduce rabbit populations have focused on the use of viruses as biological controls, notably myxoma virus (MYXV), which was released into both countries during the 1950s (10, 11) . Although MYXV failed to establish in New Zealand, in Australia its initial deployment resulted in the death of an estimated 90% of affected wild rabbit populations (12) . However, the long-term impact of MYXV was dampened due to a combination of viral attenuation and mounting host resistance (13, 14) . Consequently, additional viruses were sought to control feral rabbit populations, such that the emergence of RHDV was timely.
In 1991, a Czech strain of RHDV, known as CAPM V-351 (GenBank accession number Z11535), was imported into Australia and initially characterized inside high-containment facilities at the Australian Animal Health Laboratories (AAHL), Geelong, Victoria (9) . In 1995, field trials began testing the spread of this RHDV strain in rabbits living in natural warrens on Wardang Island, just off the South Australia coast. Despite all precautions, in October 1995 the virus escaped the island, and the first cases of RHDV were detected on the Australian mainland (15) . Following the identification of additional cases hundreds of kilometers from the trial site and evidence that the virus was being disseminated by flies (16) , it was realized that the natural spread of the virus could not be contained, and final approval for the use of RHDV as a biocontrol agent against feral rabbits was given in October 1996 (15) . In New Zealand, authorities decided against introducing RHDV into the rabbit population, citing uncertainty over RHDV epidemiology, its effectiveness as a biological control, disease outcomes, and inadequacy of management plans (9) . However, in August 1997, RHDV-infected rabbits were identified in central Otago on the South Island. Evidence suggested that some source of RHDV351-INOC, a passage of the original CAPM V-351 strain used commercially in Australia, had been illegally imported into New Zealand and released by farmers (17) . As in Australia, efforts by authorities to contain the initial outbreaks failed, and the virus spread naturally as well as through further intentional releases by farmers.
The introduction of RHDV into Australia and New Zealand offers a unique opportunity to understand the patterns, processes, and dynamics of viral evolution and spread. Since the founders of the outbreaks in Australia and New Zealand share a origin, i.e., both are derived from a single Czech strain, CAPM V-351, and their time of introduction is known, it is possible to compare the parallel evolution of a single virus in distinct naive populations. Previous work has revealed the rapid spread, genetic diversification, and exponential growth of RHDV in Australia over the last 2 decades following its release (18) . However, this was based on RHDV sampling at a restricted number of localities and without information on the parallel outbreak in New Zealand. Wider sampling also may provide insights into one of the most puzzling aspects of RHDV evolution: although there have been more than 3,000 independent releases of the RHDV351-INOC strain since 1995, there is no evidence that these rereleased viruses established long-term transmission. In addition, most studies of RHDV evolution undertaken to date have relied solely on analyses of the VP60 (capsid) gene, with far less known about evolutionary patterns and processes at a genomic scale.
Our aim here was to compare the molecular epidemiology and evolution of RHDV in Australia and New Zealand following its release as a biocontrol agent into both countries. In particular, we sought to determine whether and why the patterns and dynamics of genome-scale RDHV evolution differ by geographical locality.
MATERIALS AND METHODS
Specimen collection. All RHDV field isolates characterized here were derived from rabbits found dead during naturally occurring outbreaks of RHD in Australia and New Zealand. The tissue used for the sequencing of Australian RHDV isolates was obtained from livers harvested directly from dead rabbits in the field from five Australian states and territories, including Western Australia (WA), South Australia (SA), New South Wales (NSW), Tasmania (TAS), and the Australian Capital Territory (ACT). For the New Zealand samples, the initial viral material was similarly sourced from livers of rabbits found dead in the field following naturally occurring outbreaks of RHDV in three regions, including Hawke's Bay, Otago, and Canterbury. However, the tissue specifically used for sequencing was obtained from the livers of laboratory-infected rabbits inoculated with liver homogenates (a single passage) prepared from these field strains. All experimental procedures used for the passage of virus in rabbits were performed in accordance with the 1999 Animal Welfare Act New Zealand and approved by the Animal Ethics Committee (AEC) of Landcare Research New Zealand, Lincoln (AEC approval number 13/07/02).
Viral RNA extraction, cDNA synthesis, and genome amplification. For all samples, viral RNA was extracted from approximately 30 mg of liver tissue using a TissueRuptor homogenizer and the RNeasy minikit (Qiagen). Reverse transcription then was performed using the purified viral RNA, oligo(dT) primers, and the SuperScript III first-strand synthesis system (Life Technologies). The viral genome was amplified in three overlapping fragments (each approximately 2.9 kb in length) from cDNA using Platinum Taq DNA polymerase high fidelity (Life Technologies) and the previously published primers listed in Table 1 (19) . All PCRs were performed per the manufacturer's instructions, with an annealing temperature of 58°C and an extension time of 5 min. The products of the reactions were analyzed by agarose gel electrophoresis, and DNA amplicons corresponding to the expected size were excised and purified using the QIAquick gel extraction kit (Qiagen). The DNA concentration of the purified amplicon then was determined using the Quant-iT PicoGreen double-stranded DNA (dsDNA) assay kit (Life Technologies) before dilution to a final concentration of 0.2 ng/l with UltraPure DNase/RNasefree distilled water (Life Technologies).
DNA library preparation and Illumina sequencing. The three purified and diluted DNA amplicons (PCRs 1, 2, and 3 of Table 1 ) were pooled equally to provide complete genome coverage for each RHDV sample. DNA libraries then were prepared from the pooled amplicons (1 ng of total DNA) using the Nextera XT DNA sample preparation kit (Illumina) and confirmed by quantitative PCR (qPCR) using the universal KAPA library quantification kit for Illumina platforms (Kapa Biosystems). Paired-end sequencing then was performed at the Ramaciotti Centre for Genomics (University of New South Wales) using the Illumina MiSeq platform and a 300 cycle MiSeq reagent kit (v2).
Sequence data processing and RHDV genome assembling. Following sorting and adaptor removal, the quality of sequence reads was assessed using FastQC (http://www.bioinformatics.babraham.ac.uk /projects/fastqc/) before regions of low-quality bases were removed using Trimmomatic (20) . Here, the terminal regions were first trimmed (15 nucleotides [nt] from the starts and 1 nt from the ends) before a sliding window of 4 nt was applied to the trimmed reads, with an average quality score threshold set to QC32. Overlapping paired-end reads then were merged with FLASH (21) , and any reads less than 50 nt in length were discarded. Individual cleaned reads then were mapped to a known reference genome to generate a majority consensus sequence for each sample using Geneious v7. 1.7 (22) . In this case, the reference genome used was the initial release strain of RHDV used in Australia, RHDV351-INOC (GenBank accession number KF594473). In total, 27 new RHDV genome sequences were obtained here, 17 from Australia and 10 from New Zealand. Additionally, for one Australian strain (AUS/SA/Motpena/2013), the complete set of genome PCRs was not obtained; however, VP60 was successfully sequenced (from PCR 3) and was included in subsequent analyses of this region. All sequences generated in this study are labeled by country/region/strain/collection date.
Evolutionary analysis. To examine the genome-wide evolution of RHDV in Australia and New Zealand, an alignment was made of complete genome sequences using the 27 new genomes generated in this study, as well as seven reference sequences derived from GenBank (total of 34 sequences; length, 7,347 nt). Of the seven reference sequences, one was from New Zealand and six were from Australia, including the Australian release strain RHDV351-INOC. As most sequence data available on public databases were limited to the VP60 region, a second alignment was prepared using complete VP60 sequences of Australia and New Zealand strains (total of 84 sequences; length, 1,737 nt). This included 28 strains from this study and 56 previously sequenced in Australia (n ϭ 54) and New Zealand (n ϭ 2). All sequence alignments were generated using MAFFT (23) and then screened for recombination using RDP4 (24) . For the recombination analysis, the RDP, GENECONV, Chimaera, MaxChi, BootScan, and SiScan methods were applied. Evidence of recombination was considered likely only if detected by at least two methods.
The evolutionary relationships of the RHDV strains present in Australia and New Zealand were determined through phylogenetic analyses of the genome and VP60 alignments and inferred using the maximum likelihood (ML) method available in PhyML (25) . For both sequence alignments, the best-fit model of nucleotide substitution was determined to be GTRϩIϩ⌫ 4 by JModelTest 2 (26) . Tree topologies were explored using a combination of nearest neighbor interchange (NNI) and subtree pruning and regrafting (SPR) branch swapping, and support for individual nodes was estimated using 1,000 bootstrap replicates. All trees were rooted using the European RHDV strain GER/FRG/1988 (GenBank accession number M67473), which then was removed from the final tree figures.
Since the time of sampling was available for most sequences, we were able to assess the temporal and population dynamics of RHDV in Australia and New Zealand. This analysis was performed using both the complete genome (n ϭ 34) and VP60 (n ϭ 84) data sets. For most samples, collection dates were known to the day or month. For those samples where only a collection year was known, dates corresponding to the middle of the year were assigned. We first explored the strength of the clock-like signal in the data by linear regression of root-to-tip distances on the ML phylogeny against time of sampling using the program Path-O-Gen v1.4 (http: //tree.bio.ed.ac.uk/software). Given the apparent temporal structure in the data, we then made estimates of the rates of evolutionary change (i.e., nucleotide substitutions per site per year) and the time to most recent common ancestor (TMRCA) using the Bayesian Markov chain Monte Carlo (MCMC) method available in BEAST (version 1.8.1) (27) . The best-fit model of nucleotide substitution was used (GTRϩIϩ⌫ 4 ) with an uncorrelated lognormal relaxed molecular clock and three demographic scenarios: constant population size, exponential population growth, and the time-aware Gaussian Markov random field (GMRF) Bayesian skyride coalescent model (28) . All remaining priors were uninformative. Since very similar results (i.e., overlapping posterior distributions) were obtained for each scenario, the GMRF Bayesian skyride model was used for the final analysis. Two independent chains of 50 million generations were run to ensure convergence and then combined with appropriate burn-in. Statistical uncertainty was reflected in values of the 95% highest probability density (HPD). The maximum clade credibility (MCC) tree was estimated from the posterior distribution of trees with node heights scaled to mean values and posterior probabilities showing the statistical support for individual nodes.
We assessed the extent of geographic structure in the VP60 data set using phylogeny-trait association tests of a posterior set of trees (PSTs) as implemented in the BaTS program (29) . Here, we used the PSTs previously estimated with BEAST to calculate the parsimony score (PS), association index (AI), and monophyletic clade (MC) statistics for different geographic traits to determine if there was more clustering than would be expected by chance alone. Specifically, we explored three hypotheses that RHDV strains clustered (i) by country (Australia and New Zealand), (ii) by Australian state or territory (WA, SA, NSW, TAS, and ACT), or (iii) by broader Australian geographic divisions (western [WA] , central [SA] , and eastern [NSW, ACT, and TAS] Australia). The expected value of the indexes under the nonassociation hypothesis was estimated by 10,000 randomized sets.
Finally, we sought to determine the nature of selection pressures acting on RHDV using the Datamonkey web server of the HyPhy package (30) (http://www.datamonkey.org/). Accordingly, codon-based ML methods were used to estimate the ratio of nonsynonymous to synonymous substitutions per site (dN/dS ratio; also denoted ); fixed-effects likelihood (FEL); fast, unconstrained Bayesian approximation (FUBAR); single likelihood ancestor counting (SLAC); and random effects likelihood (REL). Those sites with P values of Ͻ0.05 or with posterior probability values of Ͼ0.95 were considered to provide significant evidence of positive selection. Evidence of adaptive evolution in individual lineages was first assessed using the branch site random effects likelihood (BS-REL) method in Hyphy. In addition, we estimated the ML value of in both the genome and capsid data sets and for the Australian and New Zealand clades individually using PAML (31) . This overall (the one-ratio model) then was compared to separate values estimated for the external ( e ) and internal ( i ) branches of the Australian and New Zealand clades. 
or G), S (C or G), H (A, C, or T), and Y (C or T).
b Position relative to that of the RHDV Czech strain CAPM V-351 (GenBank accession number U54983).
Nucleotide sequence accession numbers. All sequences generated in this study have been submitted to GenBank and assigned accession numbers KT006721 to KT006748.
RESULTS
Genome-wide analysis of RHDV from Australia and New Zealand. We obtained the complete genome sequences of 27 field isolates of RHDV collected from infected rabbits (17 from Australia, 10 from New Zealand), with a mean coverage depth of 8,773ϫ (range, 572ϫ to 19,215ϫ) . These sequences were combined with data from seven RHDV genomes previously sequenced in Australia and New Zealand, including the inoculum strain RHDV351-INOC. Across the viral genome, genetic variation was relatively homogeneous: the mean nucleotide identity was 95% (range, 90.5 to 97.8%), with the lowest values observed within the nonstructural p16 gene (Fig. 1) . Among the 27 newly sequenced genomes, 60 single-nucleotide polymorphisms (SNPs) with a frequency of 5% or higher were identified at 58 distinct positions, of which 15 resulted in nonsynonymous mutations. Overall, most intrahost diversity was observed in the viral capsid gene (VP60) (53.3% of all SNPs [n ϭ 32/60] and 80.0% of nonsynonymous SNPs [n ϭ 12/15]). Base composition was mostly stable across the genome, with a mean GC content of 50.4%. The exception was a marked decrease in GC content at the 3= end of the genome, corresponding to an AT-rich untranslated region (Fig. 1) . No significant evidence of recombination was detected in any of the sequences analyzed here.
Only one residue, ORF1 codon 2072, which corresponds to amino acid 307 of the VP60 capsid gene, was found to have significant evidence of positive selection using all four codon-based methods, with a normalized dN Ϫ dS value of 5.21 (Table 2) of each gene are shown at the top of the graph. The genetic variation in the RHDV genome was determined by plotting the average nucleotide identity of 100 bases using a sliding window in steps of 5 bases (left y axis, colored blue) across the genome (x axis). Genome base composition also was plotted using a sliding window that calculated the average GC content over 100 bases in steps of 5 bases (right y axis, colored red). across the RHDV genome, their status is ambiguous, as they were considered significant by only a single method (Table 2) . Phylogeographic analysis of RHDV isolates in Australia and New Zealand. The initial phylogenetic analysis using complete genome sequences suggested that RHDV formed distinct lineages in Australia and New Zealand (Fig. 2) . To confirm this result, we performed a more detailed evolutionary analysis of the VP60 capsid gene because of the larger number of sequences available for comparison. The final data set of complete VP60 sequences contained 84 strains sampled in Australia and New Zealand, including the 27 newly sequenced RHDV strains, as well as the sequence of an additional South Australian strain (SA/Motpena/2013) for which we were only able to sequence VP60. Phylogenetic analysis (Fig. 3) revealed an overall tree topology and clustering of strains that was largely congruent with that of the genome-wide phylogeny (Fig. 2) . The Australian inoculum strain RHDV351-INOC, which itself is derived from passaging the imported Czech strain CAPM V-351, occupied a basal position. Interestingly, with the exception of one early isolate from 1997 that resembled RHDV351-INOC, all New Zealand viruses fell into a single monophyletic group, suggesting that there was a single importation event into New Zealand that gave rise to all descendant viruses, with no subsequent mixing with Australian viruses (Fig. 3) . Within the New Zealand clade, all of the isolates, encompassing those from both the South and the North islands, fell within a single lineage, with the exception of Canterbury/Hawarden/320/ 2013 (South Island), which was phylogenetically distinct. Similarly, most Australian viruses fell into a single well-supported monophyletic group. The exceptions were four viruses sampled from 1995 that closely resembled RHDV351-INOC and four viruses sampled later that were similarly positioned near the root of the tree: ACT/Parkwood/1998, ACT/Gungahlin-HS/1998, ACT/ Gungahlin-RP/1998, and SA/FlindersRanges/1999. The latter viruses most likely represent extinct lineages of the RHDV351-INOC viruses from one of the many early releases of the viruses. Indeed, in the first 3 years (1996 to 1998) following the initial release of RHDV in South Australia in late 1995, there were at least 775 separate releases of the inoculum strain across Australia (18) .
A more detailed examination of the Australian isolates revealed that all RHDV strains identified in Australia after 2000 formed two major lineages broadly defined by place of sampling and referred to here as the western and eastern lineages, respectively (Fig.  3) . Notably, all RHDV isolates identified in Western Australia since 2000 were contained within the western lineage, while RHDV strains from the eastern states of Australia, including NSW, VIC, ACT, and TAS, were present solely in the eastern lineage. This phylogeographic clustering of RHDV strains in western and eastern Australian states was found to be significant (P Ͻ 0.001) according to phylogeny-trait association tests. In contrast, the RHDV strains from SA, which is located in the southern half of central Australia, were more diverse, with isolates diffuse throughout both Australian lineages with no significant evidence of phylogeographic clustering (P Ͼ 0.05). This suggests that RHDV strains from SA act as a source population for the western and eastern regions of Australia.
Lineage-specific evolutionary patterns. Our analysis revealed no individual lineages in the genome-wide RHDV phylogeny subject to adaptive evolution. To determine whether the viral populations in Australia and New Zealand were characterized by different selection pressures, we estimated separate values (i.e., However, in the VP60 phylogeny, was significantly higher in Australia ( ϭ 0.099) than New Zealand ( ϭ 0.054) (P Ͻ 0.05). Importantly, this elevation in was associated with an excess of recent nonsynonymous mutations, manifest as an increase in dN/dS on external branches of the phylogeny (i.e., e Ͼ ), and this effect was stronger in Australia ( e ϭ 0.123) than in New Zealand ( e ϭ 0.072). Hence, these data suggest that the VP60 gene contains transient deleterious mutations that have yet to be purged by purifying selection, and that this effect is stronger in Australia.
Temporal analysis of RHDV isolates in Australia and New Zealand. The VP60 phylogeny of Australian and New Zealand RHDV isolates demonstrated strong temporal signal, indicative of clock-like evolution. In particular, simple linear regression revealed a strong correlation between root-to-tip genetic distance against time of sampling in both countries, with correlation coefficients of 0.92 and 0.93, respectively (Fig. 4) . Strikingly, however, this analysis also revealed significantly different evolutionary rates in Australia and New Zealand (P ϭ 0.0058), at 4.1 ϫ 10 Ϫ3 Ϯ 2.1 ϫ 10 Ϫ4 and 2.6 ϫ 10 Ϫ3 Ϯ 3.3 ϫ 10 Ϫ4 nucleotide substitutions per site per year (subs/site/year) for Australia and New Zealand, respectively.
We assessed these apparent differences in evolutionary dynamics more rigorously using a Bayesian MCMC approach. Accordingly, VP60 sequences in Australia and New Zealand combined exhibited a mean rate of evolution of 4.2 ϫ 10 Ϫ3 (95% HPD, 3.6 ϫ 10 Ϫ3 to 4.9 ϫ 10 Ϫ3 ) subs/site/year, although with marked rate heterogeneity according to the coefficient of variation (mean, 0.57; 95% HPD, 0.42 to 0.71). Indeed, rate estimates for countryspecific groups revealed that the evolutionary rate for Australian RHDV was almost twice that for New Zealand viruses, at 4.8 ϫ
10
Ϫ3 subs/site/year and 2.6 ϫ 10 Ϫ3 subs/site/year for Australia and New Zealand, respectively, in agreement with the linear regression analysis. The TMRCA for Australian and New Zealand was placed at around 1995 (95% HPD, 1994 HPD, .8 to 1995 , compatible with the known release date of the RHDV351-INOC strain.
We applied a similar approach to estimate the evolutionary rates in the complete genome data set (n ϭ 34) and various partitions of this alignment comprising the complete ORF1, the nonstructural region of ORF1, and VP60. In all instances, these smaller data sets resulted in lower rates than those of the morewell sampled VP60 data (n ϭ 84), with minimal overlap (Fig. 5A) . For example, in VP60, the 95% HPDs were 2.8 ϫ 10
Ϫ3 to 3.8 ϫ 10
Ϫ3 subs/site/year for the smaller data set (n ϭ 34) and 3.6 ϫ 10 Ϫ3 to 4.9 ϫ 10 Ϫ3 subs/site/year for the larger data set (n ϭ 84). Although the estimated TMRCA for the larger VP60 data set (ϳ1995) is more compatible with the known date of introduction of RHDV into Australia than the genome-scale analyses (ϳ1994) (Fig. 5B) , this may reflect a smaller sample size and some uncertainty in sampling dates in the latter. In addition, it is likely that the VP60 rate is artificially high because of an excess of transient deleterious polymorphisms in the recently sampled Australian viruses that make up a larger proportion of this data set (described above).
Population dynamics of RHDV in Australia and New Zealand. Our Bayesian skyride analysis of the larger VP60 gene sequence data set revealed that RHDV diversity in these countries grew exponentially from 1995 to 2012, after which there was a drop in relative genetic diversity, compatible with a reduced rate of population growth (Fig. 6A) . However, since most of the samples collected after 2012 were from New Zealand, it is possible that the New Zealand sequences were the primary reason for the drop in genetic diversity. Therefore, we repeated the analysis on the Australian sequences alone. In this case, the overall rate of evolution increased slightly to 4.5 ϫ 10 Ϫ3 (95% HPD, 3.8 ϫ 10 Ϫ3 to 5.3 ϫ 10 Ϫ3 ) subs/site/year, with a similar TMRCA (95% HPD, 1994 HPD, .6 to 1995 . More notably, the Bayesian skyride analysis showed that the diversity of Australian RHDV strains had grown exponentially since the initial release in 1995, with no drop in relative genetic diversity toward the present (Fig. 6B) . Hence, inclusion of the spatially distinct and more slowly evolving strains from New Zealand in the overall phylodynamic analysis has resulted in a likely erroneous pattern of declining genetic diversity. No separate analysis of RHDV in New Zealand was performed due to the lack of sampling of early RHDV isolates.
DISCUSSION
A better understanding of the evolutionary processes that shape the emergence and spread of viral diseases is central to the development and implementation of effective strategies for their control. Molecular epidemiological studies have been highly effective in retrospectively describing the prevalence, evolutionary history, and patterns of spread in time and space of pathogens. However, the exact origins of viruses are rarely known. In this context, the introduction of RHDV and MYXV as biological controls for feral rabbit populations in Australia and New Zealand are unusual, as both the founder viruses and their exact time of introduction are known, and they represent important case studies in viral emergence in naive host populations (32) .
In Australia, both RHDV and MYXV have been repeatedly released into the environment as a biocontrol agent for feral European rabbit populations. Strikingly, however, in neither case has there been any evidence for the sustained spread of these rereleased viruses (18) . Indeed, despite our increased sampling, we found no evidence of viral lineages arising from rereleases, with RHDV characterized by simple ongoing evolution from a single founding strain. There are two possible explanations for such a pattern. First, because the rereleases of RHDV often took place in smaller and less dense rabbit populations, it is possible that their extinction was simply a chance occurrence. Alternatively, their extinction could be selectively mediated, possibly driven by herd immunity against the original inoculum strain that is dampening the spread of RHDV351-INOC-like viruses, along with rising levels of host resistance (19, 33) . In a recent experimental study, RHDV351-INOC replicated slower to lower titers, and killed fewer rabbits with overall prolonged survival times, than recently sampled field strains (19) . The dead rabbit has been suggested as a source of virus transmission, both by direct contact and, more importantly, via mechanical transmission through flies feeding on carcasses (16, 18, 37) . In addition, virus infectivity in carcasses is likely to be highest in rabbits that died within 3 days postinfection, before the onset of adaptive immune responses (19) . Therefore, a lower-virulence strain like RHDV351-INOC would be at a disadvantage for sustained virus transmission and would be outcompeted by better-adapted field strains that have coevolved with wild rabbits in Australia. It is also possible that local interactions with the endemic nonpathogenic Australian calicivirus RCV-A1 (34) have shaped RHDV evolution. Infection with this benign relative of RHDV can provide partial and transient cross protection against RHDV infection by reducing the severity of RHD, leading to increased survival rates (35) . The distribution of RCV-A1 is limited to the more temperate and wetter climate zones of southeastern Australia (36) . Notably, all recent RHDV isolates from the southeastern states cluster in the same lineage (Fig. 3) , such that additional investigations are warranted to assess whether there is local RCV-A1-mediated selection.
Our VP60 phylogeny also was notable in that we observed an important spatial differentiation among Australian RHDV that resulted in phylogeographic clustering into two distinct lineages, those from Western Australia and those from the eastern states. Strikingly, the RHDV strains from the state of South Australia, located in the central part of the country, had the greatest diversity and were diffuse throughout both lineages. Importantly, this was the region where RHDV was first released into Australian rabbit populations, such that it represents the geographic source population for the invasion and spread of the virus across the country. Much of the environment in central Australia is comprised of arid and semiarid land with more continuous populations of rabbits (37) . Furthermore, the blowfly and bush fly, which are vectors for RHDV transmission (36) , similarly maintain more continuous populations in these arid regions. Together, these factors would promote greater viral genetic mixing, in turn increasing viral diversity in South Australia (37) .
Our phylogenetic analysis similarly revealed a major biogeographic division between viruses sampled in Australia and New Zealand. As the New Zealand founder virus was purportedly sourced from the Australian inoculum strain RHDV351-INOC or a closely related virus, the phylogeny agrees with suggestions that the original releases in both countries essentially share a source (37) . Although it is unclear exactly which stock of RHDV351-INOC was imported into New Zealand, there is no evidence for the mixing of viruses between localities since this time. Despite this independent evolution, it is surprising that there was a marked difference in evolutionary rates between the Australian and New Zealand lineages (Fig. 4) . Although the New Zealand estimate may be adversely affected by limited sampling, it is striking that the Australian VP60 sequences were characterized by an elevated dN/dS on external branches of the phylogeny ( e ). This pattern is indicative of transient deleterious (nonsynonymous) polymorphisms that have yet to be removed by purifying selection and that tend to elevate estimates of substitution rates toward the present. Indeed, the differing impact of purifying selection is a key reason why RNA viruses exhibit strong time-dependent biases in rate estimates (38) . Such an excess in nonsynonymous polymorphisms (as opposed to fixed differences on internal branches) also argues that the increased evolutionary rate in Australian RHDV was not due to selectively mediated differences, such as immunological landscapes or competition among cocirculating viral lineages, or to heterogeneity in the original stocks of RHDV351-INOC. Similar to previous studies (18), we found evidence of positive selection in the viral capsid at codon 307 (ORF1 codon 2072). Although the function of this residue has yet to be determined, it is located within a protruding loop on the external surface of the viral capsid adjacent to sites critical for antigenicity and receptor binding (39) . Hence, it may function as a determinant of transmissibility and/or virulence. ORF1 codons 134 and 142 (p16 gene) and ORF2 codons 102 and 117 (VP10 gene) also were found to have evidence of positive selection, although it was weaker. P16 has been proposed as a virulence determinant in RHDV, with the accumulation of amino acid substitutions in field isolates with higher virulence than that of the Czech strain (19) . However, as the function of VP10 has yet to be determined, the consequence of adaptation in this gene is unknown.
This and previous work have demonstrated a continual exponential growth in genetic diversity since the virus was first released (18) , compatible with an increasing population size. As such, it is possible that the apparent dip in the Bayesian skyride caused by the New Zealand strains means that the transmission of RHDV in New Zealand is less efficient than that in Australia. Recent studies from South Australia show that the virus does not persist on site between outbreaks. Rather, it is likely that RHDV-carrying flies from further afield initiate each new outbreak (18) , and that RHDV maintains itself in the Australian landscape by transmitting between rabbit subpopulations that are highly interconnected by vectors (37) . In contrast, fly vector abundance is lower in New Zealand, such that fly transmission of RHDV may be less frequent, with fecal-oral transmission being more important. It is theoretically possible, although unproven, that fly transmission will lead to greater transmission bottlenecks than fecal-oral transmission, which may in turn impact evolutionary dynamics. There is also some evidence that RHDV transmission increases in arid conditions due to more continuous populations of host and vector species (40) , which is more common in parts of Australia (such as South Australia) than New Zealand. Finally, different levels of resistance in local rabbit populations also may contribute to the apparently different population dynamics between Australia and New Zealand.
Regardless of the true cause, this analysis highlights the dangers in inferring population dynamics when there is strong spatial subdivision in the data, which has led to the erroneous inference of a recent decline in genetic diversity. Our analysis clearly shows that sample composition has a significant impact on estimates of evolutionary rate, with an elevated rate in Australian RHDV seemingly associated with the presence of transient deleterious mutations, which is compatible with the notion that evolutionary rates in RNA viruses have a strong time dependency (38) . Hence, care must be exercised to ensure that all evolutionary conclusions drawn from sequence comparisons have not been adversely affected by sample composition. Indeed, it will be important to determine whether estimates of relative genetic diversity and inferences of population dynamics are adversely affected by timedependent evolutionary rates.
